A library of drugs that are in clinical trials or use was screened for inhibitors of hypoxia-inducible factor 1 (HIF-1). Twenty drugs inhibited HIF-1-dependent gene transcription by >88% at a concentration of 0.4 M. Eleven of these drugs were cardiac glycosides, including digoxin, ouabain, and proscillaridin A, which inhibited HIF-1␣ protein synthesis and expression of HIF-1 target genes in cancer cells. Digoxin administration increased latency and decreased growth of tumor xenografts, whereas treatment of established tumors resulted in growth arrest within one week. Enforced expression of HIF-1␣ by transfection was not inhibited by digoxin, and xenografts derived from these cells were resistant to the anti-tumor effects of digoxin, demonstrating that HIF-1 is a critical target of digoxin for cancer therapy.
M
any human cancers contain regions of hypoxia because of rapid cell proliferation and the presence of intratumoral blood vessels that are structurally and functionally abnormal, resulting in both spatial and temporal heterogeneity of blood flow (1, 2) . The presence of intratumoral hypoxia is significantly associated with increased risk of treatment failure, invasion, metastasis, and patient mortality (3) . A principal mechanism by which cancer cells adapt to the hypoxic microenvironment is through the activity of hypoxia-inducible factor 1 (HIF-1). HIF-1 is a transcription factor that regulates the expression of hundreds of genes in response to hypoxia, including VEGF, which encodes vascular endothelial growth factor, a key regulator of angiogenesis; GLUT1, which encodes glucose transporter 1; and HK1 and HK2, which encode hexokinase, the first enzyme of the glycolytic pathway (4, 5) . Expression of these proteins serves either to increase O 2 delivery (VEGF) or to allow metabolic adaptation to reduced O 2 availability (GLUT1, HK1, HK2). HIF-1 also controls the expression of genes involved in tumor cell immortalization, stem cell maintenance/de-differentiation, genetic instability, autocrine growth, invasion/metastasis, and treatment failure (6, 7) .
HIF-1 is a heterodimeric protein that is composed of O 2 -regulated HIF-1␣ and constitutively expressed HIF-1␤ subunits (8, 9) . Under normoxic conditions, HIF-1␣ is hydroxylated on proline residue 564 and/or 402 by proline hydroxylase domain protein 2 (PHD2), which is required for the binding of the von Hippel-Lindau protein (VHL), the recognition subunit of an E3 ubiquitin-protein ligase that targets HIF-1␣ for proteasomal degradation (10) . Under hypoxic conditions, PHD2 activity is inhibited, then HIF-1␣ accumulates, dimerizes with HIF-1␤, and activates the transcription of target genes. VHL loss-of-function results in constitutive expression of HIF-1␣ in the majority of clear cell renal carcinomas (11) . HIF-2␣ is also regulated by PHD2 and VHL, dimerizes with HIF-1␤, and transactivates an overlapping but distinct group of target genes (12) .
Whereas VHL loss-of-function leading to dysregulated HIF-1␣ expression is restricted to renal cell carcinoma and cerebellar hemangioblastoma, many common human cancers have mutations in phosphatidylinositol 3-kinase or upstream signaling pathways (13) . These genetic alterations activate the mammalian target of rapamycin (mTOR), a serine-threonine protein kinase that activates p70 S6 kinase, which phosphorylates ribosomal protein S6 (RPS6) and induces increased translation of HIF-1␣ mRNA into protein (14) . Derivatives of rapamycin that inhibit mTOR are in clinical trials as anti-cancer agents and HIF-1␣ overexpression has been shown to sensitize kidney cancers to these drugs (15) .
The combination of increased synthesis and decreased degradation leads to increased HIF-1␣ protein levels in many cancers (16, 17) . HIF-1␣ overexpression in tumor biopsies is associated with increased patient mortality in human cancers of the bladder, brain, breast, cervix, endometrium, oropharynx, lung, skin, and stomach, which reflects the large battery of HIF-1 target genes encoding proteins that play important roles in many key aspects of cancer biology (6, 7, 12) . Based on these findings, there is considerable interest in identifying compounds that inhibit HIF-1 activity and testing their ability to inhibit tumor growth (6, 18) . In the present study, we surveyed drugs that are already in clinical use to identify novel inhibitors of HIF-1.
Results
Cell-Based Screen for Inhibitors of HIF-1 Transcriptional Activity. To screen for inhibitors of HIF-1 by using a cell-based assay, we engineered a reporter cell line Hep3B-c1, which contains reporter genes for hypoxia-inducible expression of firefly luciferase and constitutive expression of Renilla luciferase. Human Hep3B hepatoblastoma cells were stably transfected with plasmid p2.1, in which expression of firefly luciferase coding sequences is driven by a 68-bp hypoxia response element (HRE) from the human ENO1 gene inserted upstream of a basal SV40 promoter (Fig. 1A) . The HRE contains essential binding sites for HIF-1, which mediates increased transcription in cells that are either exposed to hypoxia or co-transfected with an HIF-1␣ expression vector (19) . In addition to p2.1, Hep3B-c1 cells were stably co-transfected with pSVRenilla, in which expression of Renilla luciferase coding sequences is driven by the SV40 promoter alone (Fig. 1 A) . By determining the ratio of firefly/Renilla luciferase activity under nonhypoxic and hypoxic conditions, we could screen for compounds that specifically inhibited hypoxiainduced firefly luciferase activity driven by HIF-1.
When Hep3B-c1 cells were cultured under hypoxic conditions (1% O 2 ), the ratio of firefly/Renilla luciferase activity was ten-fold higher than when the cells were cultured under nonhypoxic conditions (20% O 2 ) for 24 h (Fig. 1B) . To validate the use of these cells in screening for inhibitors of HIF-1, Hep3B-c1 cells were exposed to hypoxia in the presence of increasing amounts of the HSP90 inhibitor 17-allylaminogeldanamycin (17-AAG). Inhibition of HSP90 binding to HIF-1␣ by 17-AAG and other geldanamycin derivatives leads to increased binding of RACK1, which promotes the ubiquitination and proteasomal degradation of HIF-1␣ protein (20) . HIF-1 transcriptional activity, as measured by the ratio of firefly/Renilla luciferase activity, decreased in a dosedependent manner in cells treated with 17-AAG (Fig. 1B) .
We next screened the Hopkins Drug Library, a collection of 3,120 drugs that have been approved by the Food and Drug Administration or have entered phase II clinical trials (21) . Three hundred thirty-six (336) drugs were found to result in at least 50% reduction of firefly/Renilla luciferase activity in hypoxic Hep3B-c1 cells at a concentration of 10 M [supporting information (SI) Fig.   S1 ]. The top 220 hits were re-screened at a concentration of 2 M and 153 of these were re-screened at a concentration of 0.4 M. Thirty-two hits were identified, of which the top 20 resulted in Ͼ88% inhibition of firefly/Renilla luciferase activity. Among these 20 drugs were two known inhibitors of HIF-1, rapamycin (14) and rotenone (22) . Remarkably, 11 of these 20 drugs (digoxin, ouabain, proscillaridin A, digitoxin, acetyldigitoxin, convallatoxin, peruvoside, strophanthin K, nerifolin, cymarin, and periplocymarin) were cardiac glycosides.
Cardiac Glycosides Inhibit HIF-1␣ and HIF-2␣ Protein Expression. A dose-response study revealed that exposure of Hep3B cells to ouabain (Fig. 1C) or proscillaridin A (Fig. 1D ) at concentrations Ն50 nM for 24 h inhibited hypoxia-induced expression of HIF-1␣ and HIF-2␣ protein. In human PC3 prostate cancer cells, which express detectable levels of HIF-1␣ under nonhypoxic as well as hypoxic conditions, 50 nM ouabain or proscillaridin A inhibited HIF-1␣ expression at both at 20% and 1% O 2 (Fig. 1E) . To investigate the kinetics of inhibition, Hep3B cells were concurrently exposed to 50 nM proscillaridin A or 100 nM ouabain and to 1% O 2 . HIF-1␣ and HIF-2␣ were strongly induced by exposure to hypoxia for 4-8 h in the presence of vehicle whereas, in the presence of proscillaridin A or ouabain, expression was reduced in a time-dependent manner with complete inhibition achieved after 8 h (Fig. 1F) . Similar results were obtained in Hep3B cells treated with 100 nM digoxin (Fig. 1G) . Drug washout experiments indicated that HIF-1 transcriptional activity gradually returned to normal levels by 24 h after removal of digoxin from the culture media (Fig. S2) .
To investigate the effect of drug treatment on the expression of mRNAs encoded by HIF-1 target genes, Hep3B cells were cultured in the presence of vehicle, proscillaridin A, ouabain, or digoxin for 24 h at 20% or 1% O 2 and total RNA was isolated. Analysis by quantitative real-time reverse transcription-PCR (RT-PCR) revealed significantly decreased levels of mRNA encoding HK1, HK2, and GLUT1 in cardiac glycoside-treated cells cultured at 1% O 2 , as well as decreased HK1 and HK2 mRNA levels in drug-treated cells cultured at 20% O 2 ( Fig. 2 A-C). In contrast, drug treatment did not inhibit HIF-1␣ mRNA levels at 20% O 2 and significantly increased HIF-1␣ mRNA levels at 1% O 2 (Fig. 2D ). These results indicate that digoxin inhibits the expression of HIF-1 target genes by a mechanism that does not involve inhibition of HIF-1␣ mRNA expression.
In addition to hypoxia, HIF-1 can also be induced by exposing cells to cobalt chloride, desferrioxamine, or dimethyloxalylglycine, each of which inhibits the prolyl hydroxylases that target HIF-1␣ for VHL-dependent ubiquitination and proteasomal degradation (23) . HIF-1␣ induction by each of these compounds was blocked by treatment with digoxin ( Fig. 3A) . Treatment with digoxin ( Fig. 3B) , proscillaridin A or ouabain ( inhibitor MG132. Taken together these results indicate that cardiac glycosides inhibit HIF-1␣ expression independently of the PHD-VHL-proteasome pathway.
Although endogenous HIF-1␣ was potently inhibited by digoxin, proscillaridin A, or ouabain, these drugs had no effect on HIF-1␣ expressed from a transiently transfected plasmid vector, regardless of whether the protein was wild type HIF-1␣ or the double-mutant HIF-1␣DM, which contains Pro-to-Ala missense mutations at the residues that are subjected to hydroxylation ( Fig. 3C and Fig. S3B ). A major difference between endogenous and exogenous HIF-1␣ is that the latter is translated from mRNA that lacks 5Ј and 3Ј untranslated sequences, which regulate mRNA translation and stability. Because the cardiac glycosides did not reduce HIF-1␣ mRNA levels (Fig. 2D) , this result implied that cardiac glycosides inhibit the translation of HIF-1␣ mRNA into protein. To test this hypothesis, we pulselabeled Hep3B cells with [ 35 S]-methionine/cysteine in the presence of: cycloheximide, a global protein synthesis inhibitor; rapamycin, which is known to selectively inhibit the translation of HIF-1␣ mRNA (14); or digoxin. HIF-1␣ was then immunoprecipitated from cell lysates and analyzed by PAGE and autoradiography. At the concentration used, digoxin effectively inhibited the synthesis of HIF-1␣ protein, similar to the effect of cycloheximide or rapamycin (Fig. 3D ). Digoxin reduced de novo HIF-1␣ synthesis by 73%, whereas overall protein synthesis was inhibited by only 19% in digoxin-treated cells (Fig. S3C) . In contrast, cycloheximide had similar inhibitory effects on overall (85%) and HIF-1␣ (88%) protein synthesis.
HIF-1␣ translation is regulated by mTOR (14) , which activates S6 kinase, which in turn phosphorylates ribosomal protein S6 and the levels of phospho-RPS6 can be used as a read-out of mTOR activity (24) . In PC3 cells, RPS6 was phosphorylated under both nonhypoxic and hypoxic conditions in the absence, but not in the presence, of rapamycin (Fig. 4A Left) . In P493 lymphoma cells, RPS6 phosphorylation was observed only in nonhypoxic cells and was rapamycin-sensitive (Fig. 4A Right) . Similar results were observed in 293T cells (data not shown). The inhibitory effect of hypoxia on RPS6 phosphorylation is consistent with published reports (24) . In contrast, treatment of these three cell lines with digoxin at concentrations that potently inhibited HIF-1␣ protein expression, had no inhibitory effect on RPS6 phosphorylation (Fig. 4A) . These results indicate that, unlike rapamycin, digoxin inhibits HIF-1␣ translation by a mechanism that is independent of mTOR.
In patients with congestive heart failure, the therapeutic target of digoxin and other cardiac glycosides is the ␣1 subunit of the Na ϩ /K ϩ ATPase (25) . Transfection of 293T cells with vectors encoding two short hairpin RNAs, which target different sequences within the ␣1 mRNA, effectively reduced the levels of ␣1 mRNA (Fig. 4B) . However, knockdown of the Na ϩ /K ϩ ATPase ␣1 subunit had no effect on the levels of HIF-1␣ or HIF-2␣ protein, either in the presence or absence of digoxin (Fig. 4C) or ouabain (Fig. S4) . The cardiac glycosides digoxin, ouabain, and proscillaridin A have been reported to inhibit topoisomerases I and II in MCF7 cells (26) . Camptothecin analogues that inhibit topoisomerase I have been shown to inhibit HIF-1␣ expression (27) , whereas the compound NSC-644221 has been reported to inhibit HIF-1␣ expression in a topoisomerase II-dependent manner (28) . However, transfection of 293T cells with short hairpin RNA that reduced the levels of mRNA for topoisomerase I and/or topoisomerase II had no effect on HIF-1␣ protein levels in the presence or absence of digoxin (Fig. S5) .
Effects of Digoxin on Cell Growth and Survival.
To analyze the consequences of cardiac glycoside treatment of cancer cells ex vivo and in vivo, we focused on digoxin because of its extensive clinical use for the treatment of congestive heart failure. We analyzed PC3 prostate cancer cells that were stably transfected with an expression vector encoding a constitutively active form of HIF-1␣ (PC3-CA5) or an empty vector (PC3-EV). The expression of endogenous HIF-1␣ was inhibited by digoxin treatment of cultured PC3-EV and PC3-CA5 cells, whereas HIF-1␣CA5 expression was unaffected (Fig. S6A) . These results are in agreement with those obtained after transient transfection of 293 cells with expression vector encoding wild type HIF-1␣ or HIF-1␣DM (Fig. 3C) , indicating that it is the forced expression of mRNA containing HIF-1␣ coding sequences in the absence of the untranslated sequences that confers resistance to digoxin. The growth of PC3-EV and PC3-CA5 cells was significantly inhibited by digoxin regardless of O 2 concentration (Fig.  5A) . The growth of digoxin-treated PC3-CA5 cells was similar to that of vehicle-treated PC3-EV cells. These results suggest that digoxin has both HIF-1␣-dependent and HIF-1␣-independent effects on cell growth. Analysis of propidium iodide-stained cells by flow cytometry revealed a significant increase in the percentage of PC3-EV cells at the G2-M phase of the cell cycle after 72-h digoxin treatment, as compared to vehicle-treated PC3-EV cells or digoxintreated PC3-CA5 cells (Fig. 5B ). An increased number of subG1 digoxin-treated PC3-EV cells was also observed. Annexin V staining revealed increased apoptosis in PC3-EV, but not PC3-CA5, cells after digoxin treatment (Fig. S6B) . These results indicate that digoxin induced both cell cycle arrest and apoptosis that were at least in part dependent on its inhibition of HIF-1␣ expression. doxycycline represses Myc expression and blocks tumor growth (29) . We chose these cells for in vivo studies because we previously demonstrated that inhibition of HIF-1␣ expression by RNA interference dramatically inhibited the growth of P493-Myc tumor xenografts in severe combined immunodeficiency (SCID) mice (29) . Digoxin treatment blocked hypoxia-induced HIF-1␣ expression in cultured P493-Myc cells (Fig. 6A) . Daily intraperitoneal (i.p.) injections of mice with 0.5 or 2 mg/kg of digoxin significantly inhibited the growth of P493-Myc tumor xenografts in a dose-dependent manner (Fig. 6B) , with only modest effects on body weight (Fig. 6C) . The anti-tumor effect of digoxin paralleled the dose-dependent inhibition of HIF-1␣ protein expression in the tumors (Fig. 6D ). Subcutaneous (s.c.) injection of P493-Myc-Luc cells that were engineered to express a luciferase expression vector allowed the effects of drug treatment to be analyzed at an early time point (day 8) and replicated the effects on tumor volume at later time points (Fig. 6E ). Significant inhibition of tumor growth (Fig. 7A) , with no significant effect on body weight (Fig. S7A) , was also observed in SCID mice harboring s.c. xenografts of PC3 cells that were treated with 2 mg/kg of digoxin by daily i.p. injection. In this experiment, tumors were palpable in all five vehicle-treated mice by day 9, whereas tumors in the five digoxin-treated mice were first palpable on day 9, 15, 15, 24, and 28, respectively. Tumors from digoxin-treated mice expressed significantly reduced levels of HIF-1␣ protein (Fig. 7B) and mRNA for GLUT1, HK1, HK2, and VEGF (Fig. 7C) .
When treatment with digoxin was delayed until day 11 after s.c. implantation of P493-Myc cells, at which time mean tumor volume had reached 100 mm 3 , tumor growth arrested within 7 days (Fig. 7D ) without significant effects on body weight (Fig.  S7B) . Treatment for 7 days also resulted in a significant reduction in the intratumoral levels of HIF-1␣ protein (Fig. 7E) as well as GLUT1, HK1, HK2, and VEGF mRNA (Fig. 7F) . Similar results were obtained when the treatment of PC3 tumor-bearing mice was delayed until day 20, at which time mean tumor volume had reached 200 mm 3 (Fig. S8 ). These results demonstrate that digoxin effectively blocks HIF-1␣ expression in P493 and PC3 cells in vitro and in vivo and that this inhibition is associated with a significant reduction in tumor xenograft growth. To demonstrate that the anti-tumor effects of digoxin were dependent on its inhibition of HIF-1␣ expression, we injected SCID mice with the PC3-EV and PC3-CA5 subclones that were previously analyzed for cell growth and survival (Fig. 5) . When tumor-bearing mice were treated with digoxin, the growth of xenografts derived from PC3-EV cells was significantly inhibited, whereas the growth of digoxin-treated PC3-CA5 xenografts was similar to that of untreated PC3-EV xenografts (Fig. 8A) . Immunoblot analysis of tumor lysates revealed that expression of endogenous HIF-1␣ in PC3-EV and PC3-CA5 xenografts was inhibited by digoxin treatment, whereas expression of HIF-1␣CA5 in PC3-CA5 xenografts was unaffected (Fig. 8B ). These results demonstrate that inhibition of HIF-1␣ expression is the critical mechanism by which digoxin inhibits the growth of PC3 tumor xenografts.
Discussion
Our screen of 3,120 drugs revealed that cardiac glycosides are potent inhibitors of HIF-1␣ synthesis. Cardiac glycosides are a class of drugs derived from plants of the genera Digitalis, Strophanthus, and others, which have been prescribed for centuries to treat congestive heart failure and arrhythmias. In these conditions, cardiac glycosides bind to the Na ϩ /K ϩ ATPase and inhibit its activity (30) . Endogenous ouabain and proscillaridin A-like compounds have been detected in mammalian tissues and body fluids. Studies performed over the last decade have suggested that cardiac glycosides may have activity as anti-cancer agents (30, 31) . Long-term follow-up of 175 breast cancer patients who were taking digitalis preparations revealed a 6% death rate compared to 34% in those who were not on digitalis treatment (32) . A study of over 9,000 patients taking digitoxin revealed an association between high plasma levels and decreased risk of leukemia/lymphoma and kidney/urinary tract cancers (33) . Digitoxin inhibited the development of skin papillomas in mice treated with dimethylbenzanthracene and tetradecanoylphorbol ester (34) . Digoxin inhibited the growth of neuroblastoma tumor xenografts in mice and angiogenesis in chick chorioallantoic membrane assays (35) . UNBS1450, a hemisynthetic compound with increased affinity for the Na/K ATPase, inhibited the growth of A549 nonsmall cell lung cancer orthotopic xenografts (36) . Although inhibition of HIF-1␣ synthesis by cardiac glycosides is clearly a class effect, the mechanism of action of these drugs remains unclear. In our studies, knockdown of mRNA encoding the Na ϩ /K ϩ ATPase ␣1 subunit in 293 cells by Ͼ80% did not affect HIF-1␣ expression (in the absence of cardiac glycosides) or the ability of cardiac glycosides to inhibit HIF-1␣ expression. The levels of mRNA encoding the ␣2 subunit in 293 cells were very low (C T ϭ 36 cycles compared to 22 cycles for ␣1). However, in the absence of a complete knockout of both Na ϩ /K ϩ ATPase ␣1 and ␣2 subunit expression, this mechanism of action cannot be excluded.
Both digoxin and rapamycin share in common the fact that they have modest effects on global protein synthesis but very potently inhibit HIF-1␣ mRNA translation. Rapamycin blocks HIF-1␣ protein synthesis by inhibiting mTOR, but our studies demonstrated that cardiac glycosides did not affect mTOR activity. Exposure of cancer cells to hypoxia induces the formation of stress granules containing mRNAs that are not translated until the cells are reoxygenated (37) . If cardiac glycosides were to promote the sequestration of HIF-1␣ mRNA in stress granules, it might explain both the loss of HIF-1␣ protein expression and the increase in HIF-1␣ mRNA levels in drug-treated hypoxic cells. Further analysis of the mechanism of action of cardiac glycosides may lead to novel insights into the regulation of HIF-1␣ protein synthesis. Finally, whereas inhibition of HIF-1 activity is required for the anti-cancer effect of digoxin in PC3 prostate cancer cells, cardiac glycosides have been reported to affect multiple signaling pathways, suggesting that the anti-cancer effects of digoxin may be multifactorial and context dependent.
In the present study, we have demonstrated that digoxin (i) prolongs tumor latency and inhibits tumor xenograft growth in mice when treatment is initiated before the s.c. implantation of P493-Myc, P493-Myc-Luc, PC3, and Hep3B (data not shown) cells; (ii) arrests tumor growth when treatment is initiated after the establishment of PC3 and P493-Myc tumor xenografts; (iii) inhibits the expression of HIF-1␣ protein and the HIF-1 target genes VEGF, GLUT1, HK1, and HK2; and (iv) does not effectively inhibit the growth of xenografts derived from transfected cells with enforced HIF-1␣ expression. Further studies are required to determine the range of tumor cell types in which digoxin or other cardiac glycosides effectively inhibit intratumoral expression of HIF-1␣ and tumor growth. Therapeutic plasma concentrations of digoxin in cardiac patients (Ϸ10-30 nM) are somewhat lower than the concentration required for maximal inhibition of HIF-1␣ expression in hypoxic cancer cells after 24 h of drug treatment. However, effective inhibition at lower concentrations might be observed after more prolonged exposure of cells to the drug. The ability to both inhibit HIF-1␣ protein synthesis with digoxin or rapamycin (14) and to promote HIF-1␣ protein degradation with HSP90 inhibitors such as 17-AAG (20) or with an antioxidant such as N-acetyl cysteine or ascorbate (29) suggests that combination therapy may provide synergistic effects leading to increased efficacy and decreased resistance.
Clinical trials of digoxin in nonsmall cell lung cancer (in combination with Erlotinib) and ErbB2-positive breast cancer (with Lapatinib) are currently recruiting patients (ClinicalTrials. gov identifiers NCT00281021 and NCT00650910, respectively). A dominant tenet of contemporary chemotherapy is that treatments are targeted to patients based on specific molecular characteristics of their cancer. For example, HIF-1␣ overexpression identifies patients with kidney cancer that are sensitive to mTOR inhibitors (15) . Increased HIF-1␣ expression is associated with increased patient mortality in both ErbB2-positive breast cancer (38) and nonsmall cell lung cancer (39) . Knowledge of the relevant therapeutic target of digoxin in human cancer will allow this drug to be used in a more rational manner. Specifically, our findings suggest that immunohistochemical analysis of HIF-1␣ in tumor biopsy sections (16, 17) may identify a subset of breast and lung cancer patients in current and future trials who are most likely to respond favorably to the inclusion of digoxin in combination chemotherapy regimens. Furthermore, our dose-response (Fig. 6 ) and cell transfection (Fig. 8 ) studies demonstrated that efficient inhibition of HIF-1␣ expression is required for anti-tumor efficacy of digoxin. It remains to be determined whether intratumoral HIF-1␣ expression is effectively inhibited at the digoxin doses being administered in ongoing clinical trials.
Materials and Methods
Tissue Culture Cells and Reagents. Human Hep3B, Hep3B-c1, 293, and 293T cells were cultured in Dulbecco's modified essential medium (DMEM). PC3, PC3-EV, PC3-CA5 (29) P493-Myc, and P493-Myc-Luc cells were cultured in RPMI-1640. The media were supplemented with 10% FBS and 1% penicillin-streptomycin. Drug Library Screening. Hep3B cells were stably transfected with reporter plasmids p2.1 and pSV-Renilla (14, 19) . 1 ϫ 10 4 Hep3B-c1 cells were seeded in each well of duplicate 96-well plates and cultured in DMEM with 10% FBS. The following day, the cells were pretreated with chemical compounds from the Hopkins Drug Library (21) or vehicle (dimethyl sulfoxide) for 2 h. The plate was then placed in a modular incubator chamber, which was flushed with a gas mixture consisting of 1% O2, 5% CO2, and balance N2. The sealed chamber was incubated at 37°C for 24 h. The ratio of firefly/Renilla luciferase activity was determined by using the Dual Luciferase Assay System (Promega) and a Victor 3 Microplate Reader (PerkinElmer). For subsequent validation studies in cultured cells, digoxin, ouabain, and proscillaridin A were purchased from Sigma-Aldrich.
Immunoblot Analysis. Proteins extracted from cells with RIPA buffer were fractionated by 10% SDS/PAGE. Antibodies against HIF-1␣ (16), HIF-2␣ (Novus Biologicals), FLAG (Sigma-Aldrich), phospho-RPS6 and total RPS6 (Cell Signaling Technology) were used for immunoblot assays. Blots were stripped and re-probed with a polyclonal ␤-actin antibody (Santa Cruz Biotechnology) to confirm equal protein loading.
Quantitative Real-time RT-PCR. Total RNA was isolated by using TRIzol reagent (Invitrogen) followed by DNase (Ambion) treatment according to the manufacturers' instructions. One microgram of total RNA was used for first-strand cDNA synthesis by using iScript cDNA Synthesis system (BioRad Laboratories). cDNA samples were diluted 1:10 and real-time PCR was performed by using iQ SYBR Green Supermix and the iCycler Real-time PCR Detection System (BioRad). Primers for GLUT1, HK1, HK2, VEGF, Na ϩ /K ϩ ATPase ␣1 subunit, topoisomerase I, and topoisomerase II mRNA (Table S1 ) were designed by using Beacon Designer software (BioRad) and annealing temperature was optimized by gradient PCR. The fold change in expression of each target mRNA relative to 18S rRNA was calculated based on the threshold cycle (Ct) as 2 Ϫ⌬(⌬Ct) , where ⌬Ct ϭ Cttarget Ϫ Ct18S and ⌬(⌬Ct) ϭ ⌬Cttreatment Ϫ ⌬Ctcontrol.
Transient Transfection Assays. 293 or 293T cells were transfected with Fugene-6 (Roche Applied Science). Expression vectors encoding FLAG-tagged HIF-1␣ and HIF-1␣-DM were previously described (20) . The shRNA targeting sequences are shown in Table S2 . shRNA oligonucleotides were annealed and ligated into BglII/HindIII-digested pSUPER-retro-neo-GFP (OligoEngine).
Pulse-Labeling. Cells were pretreated with vehicle, rapamycin, cycloheximide, or digoxin for 4 h and labeled with [ 35 S]-methionine/cysteine (200 Ci/ml; Amersham Pharmacia Biotech) for 1 h. Whole cell lysates were prepared by using 10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1% SDS, 1% deoxycholate, and 1 mM PMSF. HIF-1␣ was immunoprecipitated with monoclonal antibody H1␣67 (16) , and subjected to SDS/PAGE followed by autoradiography.
Apoptosis Assays. Apoptosis was measured by flow cytometry by using the Annexin V-PE Apoptosis Detection Kit (BD Bioscience) according to the manufacturer's instructions.
Xenograft Assays. All animal studies were performed according to protocols approved by the Johns Hopkins University Animal Care and Use Committee and were in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Digoxin and saline for injection were obtained from the pharmacy of The Johns Hopkins Hospital. Subcutaneous implantation of P493-Myc, P493-Myc-Luc, PC3, PC3-EV, and PC3-CA5 cells into athymic SCID mice (National Cancer Institute) and Xenogen imaging were performed as previously described (29) . Tumors were measured in three dimensions (a, b, c) and volume (V) was calculated: V ϭ abc ϫ 0.52. Tumors were harvested 4 h after the last dose of digoxin. One-third of each tumor was processed for RNA isolation and a tissue protein lysate was prepared from the remaining two-thirds.
